There are many examples of spatially associated porphyry and epithermal ore deposits; a genetic connection has been suggested for some and argued against for others. Nowhere is this spatial association better demonstrated than in the Mankayan district of northern Luzon, Philippines, where the Lepanto high-sulfidation epithermal Cu-Au deposit is superadjacent to the Far Southeast porphyry Cu-Au orebody; together they contain >3.8 million tons (Mt) Cu and >550 t Au. Pyrophyllite in both the porphyry and epithermal deposits formed from water with an isotopic composition similar to that which formed the sericitic alteration. The late euhedral quartz veining and sericitic alteration appear to have been associated with the majority of Cu and Au deposition. In addition, mineralogic, paragenetic, isotopic, and fluid inclusion evidence suggests that this water precipitated the enargite and Au within the epithermal deposit. Our results reinforce guidelines for exploration of such deposits. Advanced argillic (quartz-alunite) and K silicate alteration at Lepanto-Far Southeast are coupled in origin and result from vapor and hypersaline liquid separation. Thus, exploration programs for buried porphyry deposits should document carefully the geologic, morphologic, and temporal characteristics of exposed areas of advanced argillic alteration and its origin. Sericitic alteration at Far Southeast is associated with porphyry Cu and Au ore and appears to represent the roots of the main-stage Cu-Au mineralization in the epithermal deposit, hosted by silicic and quartz-alunite alteration that has a lower limit near the top of porphyry Cu-Au ore. In some cases, the sericitic overprint of a porphyry system, particularly where it is related to Cu and Au enrichment, may indicate a potential for nearby epithermal mineralization. Similarly, sericite and/or pyrophyllite underlying or overprinting a zone of hypogene advanced argillic (quartz-alunite) alteration indicates that mineralizing fluid may have ascended to epithermal depths. Epithermal ore at Lepanto-Far Southeast reflects a paleohydrologic regime dominated by lateral fluid flow, with a marked control by intersection of the Lepanto fault and a lithologic unconformity. Recognizing evidence for lateral flow is critical, as paleohydrology controlled the distribution of alteration and mineralization in many high-sulfidation epithermal deposits.
Introduction
ThE Philippines represents one of the world's large porphyry Cu provinces and is the type locality for such deposits in island-are settings (Sillitoe and Gappe, 1984) . The Mankayan mineral district in northern Luzon (Fig. 1) hosts the Lepanto enargite Au orebody, a high-sulfidation epithermal deposit located above and adjacent to the Far Southeast porphyry Cu-Au deposit (Fig. 2) . Far Southeast is the second highest grade porphyry Cu-Au deposit in the world after Grasberg. In addition to the close spatial relationship (Sillitoe, 1983) and an overlap in alteration and ore mineralogy, the two orebodies have been shown to be contemporaneous and young, about 1.4 to 1.3 Ma (Arribas et al., 1995a) . The temporal and spatial evidence, therefore, suggests that the two orebodies may be genetically related and thus are well suited to help determine the spatial and temporal transition of a magmatie hydrothermal system from the porphyry to highsulfidation epithermal environments of mineralization.
Porphyry deposits worldwide are characterized by a typical suite of alteration types and zonation, including K silicate, serieitie, and advanced argillie assemblages (Meyer and Hemley, 1967; Lowell and Gullbert, 1970) . Hypogene advanced argillie alteration is observed to form relatively late in the life of porphyry systems (Sillitoe, 1993a ) but may have commenced earlier. In contrast, some workers have argued that it has no relation to porphyry systems (Williams and Forrester, 1995) , perhaps because this shallow-formed alteration zone has been largely eroded in many eases, to the extent that it does not appear in classic models of alteration zoning (Lowell and Gullbert, 1970) . Detailed studies of porphyry deposits have established that the early K silicate alteration (K feldspar __ biotite _ magnetite with quartz veins) of porphyry systems formed from hot (>400øC), hypersaline fluid of magmatie origin, whereas later serieite-stable veins are associated with cooler, less saline water (Sheppard et al., 1969 (Sheppard et al., , 1971 ; Roed~ der, 1971; Reynolds and Beane, 1985) . This paper is divided into three parts. The first presents our study of the Far Southeast and Lepanto orebodies, including mineralogie, isotopic, fluid inclusion, and previously published dating results. These results build on earlier studies that established the geology, alteration zoning, and ore paragenesis of the deposits. In the second part of the paper, we discuss our results within the context of an evolving magmatie ' The Imbanguila and Bato daeites, as •vell as the quartz diorite porphyry dikes and bodies, are chemically similar (Table 1) and •vere probably derived from a common parent magma. In addition, both daeitie units are characterized by complex sequences of breeeia, pyroelastic, and massive porphyritie rocks. The lithologie and chemical similarities make it difficult to determine the exact sequence of activity without extensive radiometric dating and detailed study of the volcanic facies involved. R.H. Sillitoe (unpub. mapping; pers. cornmum, 1996) distinguished the daeites of the district on the basis of their age relative to Lepanto-type mineralization, i.e., pre-, syn-, and postenargite ore. Some lithie breeeias contain fragments of Imbanguila daeite porphyry as •vell as alunitealtered rock. Sillitoe interprets the area to be a diatrememaar complex.
Near the Far Southeast deposit, also cut by the Lepanto fault, there are two large volcanic vents filled with Imbanguila daeite porphyry and breeeia. These vents are dearly shown by the elevation contours of the base of the Imbanguila unit (Garcia, 1991) and are likely the soume of Imbanguila daeite in the area of the Lepanto deposit. Of the two vents identified by Garcia (1991) , the one to the southeast (Fig. 2) has been intersected by recent deep drilling to a depth of 100 1TI belmv sea level (-100-m elev), indicating that the vent has a vertical continuity of over 1,000 m beneath laterally extensive Imbanguila daeite. Hornblende from four drill core samples ( Samples: (1-4), fresh to weakly altered massive hnbanguila dacite porphyry: (1) Lepanto, subhorizontal drill hole, S1425, E1550, 900-m elev; (2) Far Southeast, leucocratic quartz diorite porphyry, E-250 cross section, 250-m elev; (3) Far Southeast, E-475 cross section, close to transition to strongly altered and mineralized hnbanguila, 610-m elev; (4) weakly altered and weathered surface sample from Imbanguila River southeast of Lepanto, 1,470-m elev (E 120ø48'32 ", N 16ø50'51"); (5) dacite breccia reported to contain lithic fragments with porphyry-type ore, outcrop at upper tram above Lepanto, 1,230-m elev (E 120ø47'19 ", N 16ø51'27"); (6) potassically altered and mineralized dark quartz diorite porphyry, Far Southeast E-700 cross section, -70-m elev; Table 2. K silicate alteration (Fig. 4) consists of a biotite-magnetite _+ K feldspar assemblage and is associated with veins of vitreous, anhedral quartz. This alteration is partially to pervasively overprinted by alteration assemblages of chlorite plus hematite and/or sericite ( Fig. 5B and D) , labeled chlorite-sericite (Fig. 4) . Sillitoe and Gappe (1984) used the term sericiteclay-chlorite to describe this assemblage, typical of porphyry deposits in the Philippines; it is essentially equivalent to intermediate argillic alteration (Meyer and Hemley, 1967) . Sericite is a field term and consists of white mica and illitc, the latter dominating the <2-/•m fraction separated for isotopic analysis (see below).
Definitive paragenetic evidence linking Cu sulfide minerals to the early veins of vitreous, anhedral quartz veins was not found. However, there is petrographic evidence for Cu sulfides to be associated mainly with a later event characterized by formation of euhedral quartz crystals. Bleached halos of sericitic alteration (Fig. 5B-D) , centimeter to meter wide and including illitc, accompany these euhedral quartz veins that also contain anhydrite-white mica-hematite-pyrite-chalcopyrite-bornite; these veins cut sericite-clay-chlorite alteration. Euhedral quartz and/or anhydrite commonly fill reopened early anhedral quartz veins, based on a survey of 30 polished thick sections from mainly a 0-to 200-m elevation. Sulfides in the vein structures are commonly associated with this later euhedral quartz (Fig. 6) .
Core samples were selected for assay from intervals of veins with sericitic halos, and the results were compared with adjacent intervals showing only sericite-clay-chlorite alteration overprinting K silicate alteration but without veins.
These sericite-related veins are associated with Cu and Au grades two to three times higher than the K silicate-and sericite-clay-chlorite-altered zones without veins (Table 3) . Therefore, mineralization associated with the reopened early anhedral veins appears to constitute much of the ore, although we have not attempted to quantify the proportion of metal associated with each alteration stage. Gold in the Far Southeast deposit is present as free grains of electrum associated with bornitc and ehaleopyrite (Coneepei6n and Cineo, 1989) and locally is accompanied by Bi-Te-bearing tennantite (Imai et al., 1994 ).
Upward and outward from the core of economic porphyry mineralization the pervasive serieite-elay-ehlorite alteration grades from serieite dominated with minor pyrophyllite locally to an assemblage in which pyrophyllite is abundant, variably accompanied by quartz, anhydrite, and kandite minerals (diekite, naerite, and kaolinitc). This pervasive alteration is overlain and, locally, cut by a zone of quartz-alunite alteration with variable anhydrite-diaspore-diekite-pyrophyllite. Both of these mineral assemblages, dominated by pyrophyllite or alunite, are classified as advanced argillie (Meyer and Hemley, 1967) . At Far Southeast, pyrophyllite extends locally to as deep as the 0-m elevation on the margin of the deposit, whereas the extensive leaching associated with the blanketlike quartz-alunite alteration is generally restricted to elevations above 600 to 700 m (Fig. 4) , although alunite occurs locally to a 300-m elevation along structures. The upward change in alteration from pyrophyllite to the quartz-alunite zone marks the transition to the style of advanced argillie alteration that hosts the high-sulfidation epithermal mineralization of Lepanto. The hydrothermal breccia offsets the concentric pattern of porphyry mineralization (Fig. 2) , with the breccia being of lower grade than the adjacent rock. However, the breccia matrix is mineralized, indicating an intramineral timing. Alteration consists of sericite _ tourmaline-chlorite at depth and diaspore-zunyite-alunite at shallower levels (Concepci6n and Cinco, 1989; Garcia, 1991). The breccia contains fragments of chalcopyrite-mineralized rock, but the matrix is also veined and cemented by chalcopyrite-pyrite-hematite-anhydrite; grades are typically 0.5 percent Cu and 0.8 g/t Au. At shallower depths, the breccia matrix is mineralized by anhydrite, pyrite, and/or enargite ( Fig. 4 ; Concepci6n and Cinco, 1989; Mancano and Campbell, 1995) .
In general, the style and sequence of alteration and mineralization along with other characteristics of Far Southeast are similar to those at the adjacent Guinaoang porphyry deposit (Sillitoe and Angeles, 1985; Trudu and Bloom, 1988) . Sericite-clay-chlorite alteration is typical of this deposit and overprints K silicate alteration. Sillitoe and Angeles (1985) noted that K silicate alteration is related to chalcopyrite-bearing quartz veins, whereas disseminated bornite-pyrite ore at Guinaoang is associated with the later pervasive sericite-claychlorite alteration. Both alunite and pyrophyllite advanced argillic alteration also occur at Guinaoang, with the pyrophyllite-only alteration occurring far beneath the quartz-alunite zone.
Lepanto high-sulfidation epitherw•al orebody
The location of the Lepanto epithermal orebody is controlled by the Lepanto fault and the intersection of this major fault with the uneonformity at the base of the Imbangnila daeite (Fig. 7) . Mineralization extends along strike for >3 km to the northwest of the porphyry orebody (Figs. 1 and 2) and crops out at surface at a •l,150-m elevation. Ore is closely associated with silieie alteration in the form of breed- Within the metavolcanic sedimentary basement, below the unconformity, quartz-alunite is present immediately beneath or adjacent to the silicic zone. Beneath the unconformity, the advanced argillic zone grades down•vard or outward to pervasive chlorite alteration. By contrast, quartz-alunite is less well-developed in the dacite, except at higher elevations distal from the Far Southeast orebody (Garcia, 1991) . In the dacite there is a zone of kaolinitc adjacent to the quartz-alunite zone that overlies the silicic alteration, and the kaolinitc zone grades upward to illite-smectite alteration. This last alteration type passes vertically and laterally to less altered and eventually fresh rock (Gonzalez, 1959; Garcia, 1991) .
As the Far Southeast area is approached from the northwest, the advanced argillic and quartz-kandite-sericite envelopes to the Easterlies are difficult to distinguish from the advanced argillic alteration that overlies the Far Southeast orebody (Garcia, 1991) The main orebody of Lepanto consists of a brecciated and mineralized zone along the Lepanto fault (Fig. 7) . Movement on the fault occurred during mineralization, as indicated by multiple periods of brecciation and mineralization, with alteration zones offset up to 100 m (Gonzalez, 1956 ). The vertical extent of ore averages about 100 m, although it may attain 300 m, and is from 10 to 50 m wide (Garcia, 1991) . This ore interval rises in elevation from <700 to >1,200 m as the uneonformity rises to the northwest (Fig. 2) . Ore is dominated by veins of massive pyrite and enargite occurring as openspace fillings, matrix, or fragments in breeeias and subsidiary faults, and as replacements (Gonzalez, 1959; Tejada, 1989) . Where this fault intersects the uneonformity, alteration and mineralization extend outward along the uneonformity (Fig.  7) . Many subparallel veins, called the Branch veins, splay off to the west from the Lepanto fault. In the vicinity of the Far Southeast porphyry, enargite ore is hosted entirely by the Imbanguila daeite breeea, in veins called the Easterlies (Garcia, 1991). Ore also occurs as strata-bound lenses above and below the uneonformity (Garcia, 1991) .
The epithermal mineralization can be divided into stages 1 and 2, postdating silieie and much of the advanced argillie alteration. The high-sulfidation-state sulfosalts, enargite and luzonite, are the principal Cu minerals in the epithermal orebody and occur with abundant euhedral pyrite (stage 1). Later fine-grained, anhedral pyrite is accompanied by tennantite-tetrahedrite, ehaleopyrite, sphalerite, and galena, electrum (typically 900 fine), tellurides (including petzite, ealaverite, hessitc, and krennerite), selenides, and Bi-and Snbearing minerals (stage 2). Gold mineralization is associated with tennantite-tetrahedrite and ehaleopyrite, most of which appears paragenetieally later than enargite-luzonite ( Fig. 8 (Fig. 2) . This survey was conducted to assess the spatial variability of fluid infusion characteristics and the evolution of the hydrothermal system. Selected mierothermometrie determinations provide information on the temperature and pressure conditions, as well as temperature constraints for interpreting stable isotope data.
Aqueous infusions in igneous quartz phenoerysts and early anhedral, vitreous quartz veins, the latter associated with K silicate alteration, are typical of those described previously for porphyry Cu deposits (Roedder, 1971; Reynolds and Beane, 1985; Bodnar, 1995) . Three types of infusions are common: NaCl-saturated liquid rich, vapor rich, and NaCl-undersaturated liquid rich. Notably absent, however, are NaCl-undersaturated infusions with ehaleopyrite daughter minerals (e.g., 700-m level, and low-temperature vapor-rich inclusions are abundant in the shallowest drill hole sampled (Fig. 11) .
As the southeastern extremity of the Lepanto enargite orebody is approached, the NaCl-saturated and vapor-rich inclusions decrease markedly in abundance. About 130 m northwest of U-86-6 (the northwesternmost drill hole sampled on the E-10 section; Reconnaissance mierothermometry was conducted on three samples to better constrain spedfie pressure and temperature formation conditions. These samples were chosen based on the survey of thick plates of more than 100 samples, with mineralogy and fluid inclusion relations indicating that these three samples would provide the most representative mierothermometrie results (Goldstein and Reynolds, 1994; Chap. 5-7). Sample UFF-93-5-815 m (-100-m elev) contains a vitreous, gray anhedral quartz vein in K silicate-altered rock with hydrothermal biotite (Table 2 ). The highest temperature inclusions in this vein homogenize by disappearance of the vapor bubble at 450 ø to 550øC, with dissolution of halite at 425 ø to 475øC.
Pressure of formation can be approximated assuming that these inclusions were trapped in the presence of a vapor, if the NaC1-H20 system is used as a model (Fig. 12) . Even though planes xvith both NaCl-saturated inclusions and vaporrich inclusions could not be definitely distinguished to provide evidence of coexistence at the time of trapping, the assumption of eontemporaneity is probably valid because these two types of inclusions are found commonly in association with one another in early veins of shalloMy formed porphyry Cu deposits worldwide (Roedder, 1971 (Roedder, , 1984 Bodnar, 1995) . Based on the assumption ofimmiseibility, the minimum pressure of formation for the highest temperature inclusions of this biotite-stable quartz vein is 400 bars (Fig. 11) . The presence of any volatiles would cause phase separation at higher pressures for a given bulk composition of fluid. At this pres- sure and 450 ø to 550øC, rock is ductile, precluding open fractures except during short periods of high strain (Fournier, 1991) . Thus, the pressure regime during K silicate alteration would have been lithostatic, requiring an overburden of at least 1.6 km, perhaps somewhat more, i.e., a palcosurface at a 1,500-to 2,000-m elevation.
Many of the early vitreous, anhedral quartz veins were reopened, as evident from euhedral quartz overgrowths on early anhedral quartz (Fig. 6C) . In some cases, euhedral quartz crystals with anhydrite, pyrite, bornitc, and/or chalcopyrite fill vuggy microveinlets (Fig. 6C) . Sericite (white mica and illitc), chlorite, and sphalerite are also present in these veins (Fig. 6) , and alteration halos, from several centimeters to several meters wide, consist of sericite. Anhydrite does not contain NaCl-saturated inclusions.
The euhedral quartz is commonly devoid of inclusions but rarely displays primary inclusions that define growth zones, as in sample U-83-34B-2300 • (40-m elev). The earliest primary inclusions in euhedral quartz from this sample are NaC1-undersaturated, liquid-rich inclusions coexisting with contemporaneously trapped vapor-rich inclusions (Fig. 6A ). This is evidence that boiling occurred at the onset of euhedral quartz crystal growth at the measured homogenization temperature of 350 ø to 355øC. Salinities of these liquid-rich inclusions are roughly 5 wt percent NaC1 equiv. Boiling of a 5 wt percent NaC1 solution at 350øC corresponds to a minimum pressure of 160 bars. At this temperature, rock behaves in a brittle fashion, resulting in a hydrostatic pressure regime. Thus, 160 bars corresponds to a hydrostatic depth below the palcowater table of about 1,600 m. However, if the boiling liquid contained CO2 and other gases, the depth would have been greater (Hedenquist and Henley, 1985) .
The next growth zone in time located outward from the crystal core contains only NaCl-undersaturated, liquid-rich primary inclusions, plus solid trapped inclusions of white mica (Fig. 6A, s) that correlate with the sericite halos of the reopened veins. These fluid inclusions homogenize at 325 ø to 340øC and have a salinity range of i to 7 wt percent NaC1 equiv. The outermost growth zones of the euhedral quartz crystals located about 10 mm from the earlier growth zones show the lowest homogenization values, 215 ø to 220øC, and a salinity range of 0 to 7 wt percent NaC1 equiv.
Sample U86-6-2045 • (80-m elev; Fig. 6B, C) , from the northwestern margin of the Far Southeast deposit (E-10 section; Fig. 2) , is identical petrographically to sample U83-34b-2300 •, except that the rare primary inclusions in clear euhedral quartz yield lower maximum homogenization temperatures (280øC), lower maximum salinities (3 wt % NaC1 equiv), and show no evidence of boiling.
In summary, these data indicate a temperature decrease from a maximum of 550 ø to •350øC from the early K silicate (•1.40 Ma) to later sericitic (•1.30 Ma) alteration in the vicinity of the apex of the quartz diorite dikes. We argue that these two periods experienced lithostatic and hydrostatic pressure regimes, respectively. The drastic change in the pressure regime likely resulted from the decline in temperature and the concomitant shift from quasiductile behavior at lithostatic pressure to purely brittle behavior in a hydrostatic regime, as suggested for other porphyry deposits (Gustafson and Hunt, 1975; Burnham, 1979) . The fracture episode and emplacement of hydrothermal breccia, which occurred after K silicate alteration and during sericitic alteration, may have been related to the change in rock properties brought about by this cooling. The change in alteration style was also accompanied by a shift from a hypersaline liquid coexisting with vapor to a relatively low-salinity hydrothermal system (<7 wt % NaC1 equiv) that boiled initially (at the onset of hydrostatic conditions). The pressure estimates for both periods of alteration, lithostatic during K silicate, and hydrostatic during sericitic, are consistent with a depth of 1.5 to 2 km below the palcosurface or, in the hydrostatic situation, below the palcowater table.
Lepanto high-sulfidation epithetreal orebody An infrared microscopy study of enargite-hosted fluid inclusions was conducted previously on samples spanning the extent of stage i epithermal mineralization (Mancano and Campbell, 1995) , from enargite mineralization of the Far Southeast hydrothermal breccia through the main orebody and branch veins to a position •3 km distant from the Far Southeast porphyry (Fig. 11) . Although primary inclusions were not identified, NaCl-saturated inclusions were not found in enargite; only undersaturated liquid-rich inclusions were reported. We believe this to be evidence that hypersaline fluid is not related to enargite deposition, and that the enargite probably precipitated from a relatively low-salinity fluid.
Liquid-rich, secondary inclusions in enargite show temperature (Fig. 11 ) and apparent salinity ( We have suggested that enargite deposition may have coincided with Far Southeast sericitic alteration. This suggestion is supported by the decreasing temperature and salinity trend exhibited by the porphyry quartz-sericite and epithermal enargite fluid inclusion results (Fig. 13) . The initial sericite water (350øC and 5 wt % NaC1 equiv) may have been the parent liquid that ascended into the advanced argillic cap and flowed laterally along the Lepanto fault at the leached unconformity boundary. If true, this supports a close genetic relationship between Far Southeast porphyry and Lepanto epithermal mineralization.
Stable Isotope Study
Hydroxyl-bearing alteration minerals associated with porphyry and epithermal orebodies were sampled over the full extent of mineralization (Fig. 2) and their O and H isotope composition was analyzed (App. 1). Igneous hornblende samples and one biotite from unaltered host rocks were also analyzed (Table 2) . Alunite (Table 2) (Fig. 11) . The diluent has a low temperature (<50øC) and nil salinity and is most likely ground water. Similar ground water-dilution trends are typical of active geothermal systems with moderate relief and hydraulic gradient (Henley and Plum, 1985) , whereas low relief settings favor the development of and dilution by steam-heated ground water (Hedenquist, 1991 (Fig. 14A) , combined with fraetionation factors (Table A1 ) plus fluid inelusion homogenization data (see above) and other indications of paledtemperatures (Table 2) , including sulfide-sulfate S isotope fraetionation and hydrothermal mineral stabilities, allow the isotopic compositions of the hydrothermal fluids associated with the various mineral assemblages to be calculated (Fig. 14B) . These data contribute to the eonstrnetion of a hydrologic model for the paledsystem, in conjunction with geologic, mineralogle, and chronologic constraints. (Fig. 14, stars) that indicate a dominant magmatic vapor component condensed by meteoric water at depth (Reyes and Giggenbach, 1992) .
Meteoric water from cold springs near the elevation of the mine (Fig. 14A, 850 m) now has a composition of -9.0 per mil t51sO and -61 per miI tSD, similar to the composition of hot water discharging from drill holes in the mine (Fig. 14A,  mine waters) . Present-day meteoric water at a 2,100-m elevation has a composition of -11.3 per miI t5•80 and -80 per mil tSD (Fig. 14A, 2,100 m) . The local meteoric water during peak hydrothermal activity at about 1.4 to 1.3 Ma (Arribas et al., 1995a) would have had a compositional variation due to differences in elevation similar to that of the present-day waters, since latitude and climate have not changed over this short period. The elevation of the paledsurface at the time of hydrothermal activity was about 1,500 to 2,000 m, based on fluid inclusion constraints. Thus, the paledmeteoric water composition was about -75 per rail tSD (Fig. 14) . These data provide the approximate compositions of magmatic vapor and meteoric water end members at the time of hydrothermal activity and allow their involvement in the formation of the alteration and mineralization at Lepanto-Far Southeast to be assessed.
Igneous minerals
The igneous hornblende separates from fresh extrusive rock samples have isotopic compositions indicating that water dissolved in the melt during final erystallization had •SD values of about -70 to -80 per mil (n = 6), i.e., lighter than the typical composition of water originally dissolved in felsie magmas ( Fig. 14A; Taylor, 1992) ; the igneous biotite water is slightly heavier at -65 per mil •SD. The •5•sO values are typically magmatie in composition when melt values are calculated assuming a final equilibration temperature of 700øC, the minimum solidus temperature. There is no systematic variation in •SD isotopic composition of these minerals with age (Table 2) , as rocks both older and younger than the mineralization have a similar range. The depleted •SD values indicate that these hydroxyl-bearing minerals formed from melts that had degassed much of their water (Taylor, 1986;  see below).
K silicate and sericitic alteration
The composition of water that formed the hydrothermal biotite ranges from -32 to -52 per rail tSD (avg -45%•, n = 6), and the tS•sO value averages 6.3 per rail (Fig. 14B) . The compositions were calculated at 550øC, based on the highest homogenization temperatures of hypersaline inclusions in anhedral quartz. This is close to the temperature for stable isotope blocking in biotite (Zaluski et al., 1994) .
The illite separates (<4-<2-ktm fraction of sericite) collected from the central part of the Far Southeast orebody (Fig. 2, E-815 -E-250 sections; Table 2) at elevations below 250 m have isotopic compositions (Fig. 14B, core) Table A1 ) for waters in equilibrium with hydrothermal minerals at temperatures (Table 2) 350øC, based on the maximum fluid inclusion temperatures in this zone (Fig. 11) . By contrast, illitc separates from the margin of the Far Southeast deposit (Fig. 2, E-10-W-120 sections), •500 m northwest of the central orebody at a similar elevation, have isotopic compositions (Fig. 14B, margin) indicating a water value averaging -51 per rail 6D and + 1.5 per mil 61So (tl = 6), using a formation temperature of 275øC, again the maximum fluid inclusion temperature for the sample from this zone.
The isotopic composition of the water involved in K silicate alteration will be interpreted in conjunction with that of the water responsible for contemporaneous quartz-alunite alter- Thus, based on geologic relations, isotopic systematics, and mineralogic constraints, we argue that the pyrophyllite which occurs as a halo to the sericitic zone of the Far Southeast orebody is a product of simple upward and outward cooling of water initially in equilibrium with sericite (Fig. 15) . If the pyrophyllite and alunite formed by the same process, the isotopic compositions of their formation waters should be the same; they are not. However, the pyrophyllite and sericite formed from water of similar composition. Furthermore, the two styles of advanced argillic alteration observed at Far Southeast-Lepanto have broadly separate occurrences, with much of the pyrophyllite occurring deeper than the quartzalunite, e.g., along the upper part of sample U81-14 in the W-120 section (Fig. 2) , supporting the suggestion for distinctly different environments of formation of these pyrophyllite and alunite occurrences.
• ., 1991) . The approximate stability of alunite-pydte coexistence (Giggenbaeh, 1997) is also shown, although under the acidic conditions of this mineral pair, the solution may have silica concentrations greater than quartz saturation, resulting in pyrophyllite and kaolinitc coexisting at lower temperature. Simple cooling of liquid (solid arrow) in a fluiddominated system causes white mica to shift to pyrophyllite stability, i.e., pyrophyllite should occur with and outboard of serieitie alteration in the porphl•y environment (el. Hemley and Hunt, 1992). Pyrophyllite can also occur in association with kaolinitc and alunite in a typical advanced argillie assemblage at 9,50 ø to 300øC, i.e, where magmatic vapors (dashed arrow) are absorbed by ground water to produce an acidic water at the base of the high-sulfidation epithermal environment. Thus, it is possible to have pyrophyllite generated in two distinct environments in porphyry systems, as the result of cooling of a serieite-stable assemblage, and in situations of extreme hydrolysis associated with quartz-alunite alteration. The stable isotope signature of these two environments should be distinctively different (Fig. 14B• see text) .
Kandite minerals
Late kandite minerals, including nacrite and kaolinitc, fill vugs in enargite ore of the Lepanto epithermal system, and formed later than vug-filling quartz crystals. The temperature of kandite formation is likely to have been no greater than that ofvug-filling quartz crystals that exhibit inclusion homogenization temperatures of <220øC. One Lepanto sample is kaolinitc (Fig, 2, K) , based on X-ray diffractometry (XRD) and differential thermal-thermogravimetric analysis (DT-TGA) data (App. 2), whereas the others are nacrites (N), kandite minerals that form at higher temperatures, typically 150 ø to 200øC (Reyes, 1990) . One sample of dickitc was collected from a zone of pervasive alteration on the margin of the Far Southeast advanced argillic cap (Fig. 2D) . The compositions of the water that formed the kandites (nacrite and dickitc) have been calculated assuming a formation temperature of 150øC, although 100øC was used for the kaolinitc deposited in vugs during very late stages. The results indicate a meteoric water-dominant composition, with •55 to 75 percent meteoric water end member, about twice the meteoric water component of the fluid that formed alunite in the middie of the Lepanto orebody (Fig. 14B) . This is the evolution that would be expected with time, from early magmatic water dominant to later meteoric water dominant.
S isotope composition of alunite and sulfides
The mineralogy and S isotope composition of the alunite provide further constraints on the nature of the fluid responsi- Ma to a maximum elevation of about 500 m, i.e., ml,500-m paleodepth. The magma volume inferred is that required to account for the amount of Cu in the Far Southeast-Lepanto system (Cline, 1995; Shinohara and Hedenquist, 1997). The parent magma chamber well below our depth of observation was saturated with respect to water and other volatiles, and this led to exsolution of an aqueous fluid. We do not know the temperature, pressure, or depth of this exsolution, or whether it occurred in the one-or two-phase field. At the maximum depth of our observation (near sea level), we know that the temperature of the early magmatie aqueous fluid was (.<550øC, and that the fluid was two-phase, consisting of a hypersaline liquid (-<55 wt % NaC1 equiv) and coexisting low-salinity vapor.
The pressure of this fluid at sea level was ->400 bars in a ductile, lithostatie system, indicating a paleosurfaee at an m 1,500-to 2,000-m elevation. A one-phase supercritical fluid at 550øC would have intersected its solvus at about 700 bars (Fig. 16), i. e., at about a 3-km depth, or about i to 1.5 km beneath the drilled depth of the porphyry orebody. The depth of separation may have been somewhat greater, given the few molal total gas concentration expected in the fluid, as the 550øC solvus would extend to higher pressure (Bodnar and Sterner, 1987) . We see fluid inclusion evidence for a sharp upper limit of hypersaline liquid at about a 700-m elevation. Directly above this upper limit, only vapor-rich inclusions occur, indicating that vapor separated from the two-phase fluid (el. Beane and Bodnar, 1995). The lower extent of blanket quartz-alunite alteration is at about a 600-m elevation, corresponding approximately to the upper limit of hypersaline liquid (Figs. 4,  11, and 17A) . By contrast, the contemporaneous K silicate alteration formed from hypersaline liquid, as evident from fluid inclusions in the early anhedral quartz veins. These conclusions are supported by stable isotope results which indicate that the water responsible for forming the quartz-alunite alteration originated by meteoric water absorption of magmatie vapor, the latter having an isotopic composition typical of fumarolie vapor discharging from degassing volcanoes. By contrast, the K silicate alteration water, represented by biotite (Fig. 14B) , had a 6D signature averaging -45 per mil, depleted relative to that of the contemporaneous Subsequent to the 1.4 Ma coupled K silicate and initial quartz-alunite alteration event, the porphyry was split by an intrusion of breccia (Fig. 17B) . The timing of brecciation may have been related to cooling of the system and a progressive retreat downward of the ductile-brittle boundary. This breccia, which contains fragments of mineralized rock, was over-SE quartz-alunite alteration water with a 6D of -20 to -25 per mil. This m20 per mil difference is equal to that predicted for vapor separated from a hypersaline liquid, based on experimental data (Horita et al., 1995) . Therefore, the isotopic data for these alteration types is consistent with their formation being coupled, as also indicated by the radiometric age and fluid inclusion data. With increasing distance from the porphyry deposit to the northwest, the alunite compositions indicate a progressively larger component of meteoric ground water entrained by the acidic condensate (Fig. 14) as it flowed along the contact of the Lepanto fault with the basement unconformity (Fig. 17A) .
Based on S isotope data from alunite-pyrite pairs, the maximum temperature in the quartz-alunite zone was about 350øC, at an elevation of about 700 m, compared to the 450 ø to 550øC temperature recorded by hypersaline inclusions which occur up to an elevation of about 600 m, hosted by anhedral quartz veins and K silicate alteration. Thus, we have evidence, over a vertical interval as small as 100 m, of the transition from a high-temperature, lithostatically pressured regime of hypersaline liquid and vapor, to a lower temperature, hydrostatic system where vapor condensed into meteoric water to form a highly acidic solution. This is consistent with the narrow transition from lithostatic to hydrostatic pressures noted in some deep geothermal wells (Fournier, 1991; Reyes et al., 1993) . This transition, furthermore, corresponds to the ductile-brittle boundary, across which hypersaline liquid might not pass due to its high density and high viscosity (R.O. Fournier, pers. commun., 1996). However, the boundary must be permeable to the buoyant, low-salinity and low- printed by sericitic alteration and chalcopyrite mineralization at depth, plus shallow advanced argillic alteration and enargite deposition.
The isotopic composition of post-K silicate alteration water indicates that sericite in the orebody center, represented by the illite fraction, formed from a fluid with a magmatic signature, and that at most a 20 to 30 percent meteoric water component was present on the margin of the orebody. The Far Southeast sericite occurs as halos to euhedral quartzwhite mica _ chlorite _ anhydrite sulfide veins which commonly fill reopened vitreous, anhedral quartz veins. These sericite halos are intimately related to the pervasive sericiteclay-chlorite alteration, since the ages and isotopic compositions of illite separated from these two styles of alteration are indistinguishable ( Table 2 ). The Cu mineralization associated with sericitic alteration appears to be more important than that introduced at the time of early K silicate alteration.
Fluid inclusion data indicate that the water that formed the euhedral quartz veins and sericite was initially boiling near sea level, at the inception of hydrostatic conditions, and had a temperature of 350øC and a salinity of about 5 wt percent NaC1 equiv. This is consistent with a hydrostatic depth of about 1.5 to 2 km, i.e., similar to the lithostatic depth constraint during K silicate alteration at 1.4 Ma. Thus, there was little erosion between K silicate and sericitic alteration, from 1.4 to 1.3 Ma (Fig. 17) .
As the sericite-stable water ascended and cooled through boiling and dilution, it became stable with respect to pyrophyllite (Figs. 14B and 15 ). Once this low-salinity fluid reached the elevation of the vuggy quartz and quartz-alunite alteration, flow became largely lateral, following the hydraulic gradient to the northwest along the zone of high permeability enhanced by the earlier leaching of the contact zone between the Lepanto fault and the basement unconformity (Fig. 17B) Table 4 , modified from Shinohara, 1994).
The compositional variation of a magmatic fluid is related to its exsolution from the melt, and the inception of aqueous immiscibility (Sourirajan and Kennedy, 1962; Shinohara, 1994) . The latter process leads to the formation of a lowdensity vapor and a dense hypersaline liquid when the exsolved fluid intersects its solvus. The large difference in the properties of the vapor and liquid strongly affects the physical behavior of the hydrothermal system (Henley and McNabb, 1978; Fournier, 1987 Bodnar, 1995) , and the subsequent precipitation of metals (Hemley and Hunt, 1992) .
Volatile saturation of magmas
Most silicate melts become saturated with a volatile phase during ascent in the crust, commonly resulting in the generation of an aqueous magmatic fluid (Table 4) Webster, 1997). Coupled with the fluid inclusion observations are isotopic data indicating that these aqueous phases were derived from fluid that exsolved from a melt (Sheppard et al., 1969 (Sheppard et al., , 1971 ). Finally, Gerlach et al. (1994 Gerlach et al. ( , 1996 found that some volcanoes erupt a much larger amount of volatiles than expected for the volume of erupted magma and concluded that, in these cases, a free vapor phase must have coexisted with the preemption magma, i.e., the melts were saturated.
CO2 reaches saturation in basaltic to rhyolitic melts according to the general relation 0.56 mg/kg. bar (Giggenbach, 1996) , i.e., typical CO2 concentrations of 1,000 mg/kg in silicic melts (Lowenstern, 1995) indicate saturation at pressure of at least 2 kbars. There is evidence that a CO•-rich fluid may exsolve at depths as great as 70 km in some basaltic rocks (Gerlach and Taylor, 1990; Giggenbach, 1996) Most porphyry Cu deposits contain early hypersaline liquid-rich inclusions associated with vapor-rich inclusions, which are taken as evidence of phase separation (Burnham, 1979; Roedder, 1984; Bodnar, 1995) . In this situation, the bulk salinity of the fluid cannot be determined, because the vapor/liquid ratio is unknown. Such phase separation can be represented approximately by the HaO-NaC1 system ( Fig. 16 ; Sourirajan and Kennedy, 1962; Bodnar et al., 1985a; Pitzer and Pabalan, 1986). The real system will contain KC1 and other chlorides, plus COa, SOa, etc. For typical gas concentrations, the field of immiscibility will extend to slightly higher pressure and greater depth (Bodnar and Sterner, 1987) . Thus, at the prevailing ranges of temperature and pressure associated with most mineralized porphyry intrusions, say a 3-to 4-km depth where pressures are -<1 kbar (Sillitoe, 1973; Bodnar, 1995) , aqueous fluid exsolved from a melt at some greater depth must, on ascent, separate to vapor and hypersaline liquid.
The daughter minerals in hypersaline liquid inclusions associated with porphyry deposits commonly include sulfides, and direct measurement of inclusion fluid confirms high concentrations of metals such as Cu, Pb, and Zn, on the order of 1,000 mg/kg (Bodnar, 1995) . However, based on the scant data available, the highest concentrations come from inclusions hosted by relatively barren veins, indicating that the fluid contained metals but that precipitation did not occur (Bodnar, 1995) . By contrast, inclusions associated with ehalcopyrite ore have below-detection metal concentrations, as expected because of the process of mineralization. In eases where NaCl-undersaturated inclusions are also metal rich, as indicated by a ehaleopyrite daughter mineral, the contained fluid is thought to have exsolved from the melt under supercritical conditions at relatively great depth, and these inclusions should provide the best indication of the bulk composition of the exsolved fluid (Bodnar, 1995) .
The high metal concentrations in saline inclusion fluid associated with porphyry deposits are consistent with those predicted from experimental studies (Holland, 1972 The fractionation that accompanies magma degassing explains the trends in isotopic composition noted for volcanic and plutonic rocks (Taylor, 1986) , including intrusive rocks associated with porphyry systems (Taylor, 1988 (Taylor, 1986) . Extrapolation of these data to initial water contents of parent magmas (>3 vet %), coupled with data from igneous fluid inclusions (Taylor, 1986) , indi-cates that the initial 6D value of nondegassed felsic magmas ranges from about -20 to -45 per mil (Fig. 18) . Magmas emplaced into continental crust have 6D values at the lower end of this range, in contrast to isotopically heavier islandarc magmas (Taylor, 1992) .
Magmatic water that discharges to the surface from volcanic fumaroles has a relatively heavy 6D composition, about -20 _+ 10 per mil ( Fig. 18; Giggenbach, 1992a) , as expected given the initial melt composition (-20 to -45%0) and the typical fluid-melt fractionation factor (•20ø/00). Simple mass balance considerations mean that isotopically light water remains in the crystallizing pluton (F.ig. 18). Therefore, the water fixed in silicate phenocysts of a pluton is best termed "residual magmatic water," as it represents only a fraction of the water originally in the melt, <0.5 to 1 wt percent vs. the 3 to >5 wt percent water in felsic melts at the time of saturation (Lowenstern, 1995) . Thus, it is inappropriate to define a mary magmatic water" composition ( 1971) on the basis of the isotopic composition of fractionated, residual water incorporated by igneous minerals in partly exposed intrusions (Taylor, 1992) .
The progressively lighter 6D water that remains in a melt as a result of fluid exsolution may be incorporated by hydroxylbearing minerals, and/or degas at a later stage, depleted in D from that of the initial exsolved fluid (Fig. 18) . Such hydroxylbearing minerals may continue to reequilibrate isotopically until crystallization ceases (Zaluski et al., 1994) . In some cases, observed trends between water loss and D depletion in volcanic rocks have been modeled with initial closed-system degassing, followed by late-stage open-system degassing (Dobson et al., 1989) . This change in degassing style might conceivably reflect the shift from ductile and largely sealed to brittle and permeable behavior of the host rocks. In the case where much of the initial water has been exsolved by depressurization, exsolution of fluid as a result of crystallization may have a limited effect on the isotopic composition of the water (Taylor, 1992) . Nevertheless, isotopic trends can be used to clarify the cause of saturation, the nature of degassing, and also help determine the timing of exsolution of a metal-bearing fluid from a magma (Taylor, 1988) .
If the aqueous fluid separates to vapor and hypersaline liquid, a further fractionation will occur (Horita et al., 1995) . Experimental data for salinities up to 4 m NaC1 at 350øC indicate liquid-vapor fractionation factors as large as -10 per mil for 6D and + 1 per mil for 61sO. As the critical temperature of the solution is approached, the fractionation factor decreases to 0 per mil. The 1, 2, and 4 m data are linear, suggesting that these data may be extrapolated to 8 m NaC1 (J. Horita, pers. commun., 1997), i.e., to minimum salinities typical of hypersaline liquid in porphyry systems (>30 wt % NaC1). Thus, doubling the 4 m factors indicates a 6D fractionation of about -20 per mil at m500øC (Fig. 18) . By contrast, the 6•sO fractionation will be about 1 per mil.
Metal flux from magmas
Volcanoes discharge large amounts of aqueous fluid, including H20, COs, SOs, HC1, and other gases, plus metal chloride species, from their parent magmas (summarized by Hedenquist, 1995) . The metal flux accompanying high-temperature, 600 ø to 900øC, but atmospheric pressure passive degassing is 2 to 3 orders of magnitude lower than that associated with volcanoes that erupt similar temperature fluid that has rapidly depressurized from magmatic conditions. This discrepancy in NaC1 and metal chloride complexes is caused by the strong pressure dependence of solubility (Sourirajan and Kennedy, 1962; Urabe, 1987) . But even the fluid accompanying quiescently erupting volcanoes may have already lost a large proportion of chloride-complexed metals, since maximum measured NaC1 concentrations are only 0.5 wt percent (Hedenquist, 1995) . This compares with the 2 to 10 wt percent NaC1 that is expected for the bulk salinity of a typical fluid exsolved from felsic magma (Fig. 16) .
The flux of metals to the atmosphere during quiescent eruption commonly is on the order of 100 to 500 t Cu and 30 to 300 kg Au/yr (Meeker et al., 1991; Hedenquist, 1995) . These fluxes equal ore deposit quantities if extrapolated over geologically reasonable periods of activity (•10 • yr). However, as noted above, the low NaC1 concentrations associated with these discharges, -<0.5 wt percent, indicate that a portion of NaC1 and ehloride-eomplexed metals has already partitioned to a dense hypersaline liquid (Fig. 16) that will remain at depth even during quiescent eruption (Hedenquist, 1995 Thus, the water associated with serieitie alteration reflects the bulk salinity of the exsolved fluid, since this later exsolving fluid never intersects its solvus (Fig. 19) . A similar conclusion was reached by Meinert et al. (1997) to explain the evolution in salinity in the Big Gossan skarn deposit.
This transition in magma chamber crystallization will occur within about 3,000 yr of emplaeement (Shinohara and Hedenquist, 1997), well before the mS,000 to 10,000 yr required for meteoric convection to be fully established (Cathies, 1977) . The concomitant deepening of the duetile-brittle transition also explains the brittle fracturing and hydrostatic pressure regime of the serieitie stage. During this hydrostatic stage, meteoric water can encroach progressively on the system. After crystallization of the parent intrusion is complete (at m30,000 years), the source of magmatie water is exhausted, and the meteoric-only hydrothermal system wanes to < 100 ø to One explanation for such a large •SD variation of some deposits is the effect of degassing of the parent intrusion over the period of K silicate alteration (Taylor, 1988) , assuming essentially a single large, crystalling pluton at depth. In some cases, K silicate alteration may have been associated with the early degassing of an underlying pluton, with only intermittent (closed-system) fluid release, resulting in a small •SD variation (Fig. 18) . In other eases, K silicate alteration may have recorded exsolution in which open-system degassing led to a large •SD variation, or possibly later stage degassing. The latter ease should be recorded by a large D depletion in the igneous minerals of the associated pluton. For example, K silicate alteration at Butte is extremely depleted (Fig. 18) , and igneous biotite samples from fresh Boulder batholith rocks in the district also preserve isotopic evidence for extensive degassing at other times (Sheppard and Taylor, 1974; Tilling, 1977 
Advanced argillic alteration
None of these previous studies integrated information about the isotopic composition of quartz-alunite alteration, since this alteration style is not conspicuous over the North American deposits that have been studied in detail, except for Red Mountain, Arizona (Bodnar and Beane, 1980 ). This absence is likely caused by erosion of this shallow-formed alteration zone (Sillitoe, 1973 (Sillitoe, , 1995b . In contrast, this hypogene advanced argillic alteration, formed by meteoric water condensation of magmatic vapor, is well exposed in many porphyry deposits in many regions outside North America (Sillitoe, 1973 (Sillitoe, , 1993a The presence of well-developed high-sulfidation epithero ma] ore, or even a barren lithocap, makes an underlying porphyry system very likely (Sillitoe, 1983 (Sillitoe, , 1993a (Sillitoe, , 1995b Alternat.jvely, high-sulfidation epithermal mineralization can form in the lithocaps of silicic and advanced argillic alteration over porphyry deposits (Sillitoe, 1995b) . These zones of alteration, extensive in places and largely barren, may nevertheless concea] structurally controlled enargite and Au mineralization. Not all porphyry systems evolve to the stage where they form such ore in the overlying epithermal environment, despite the propensity of most porphyry systems to develop an extensive lithocap of hypogene advanced argillic alteration as the result of vapor separation from hypersaline liquid. An essential attribute of any mineralized system is the presence of structural preparation at shallow depths, particularly in the cap of advanced argillic alteration, followed by ascent and focusing of subsequent ore solutions.
Geologic and geochemical evidence indicates that a single hydrotherma] system, evolving over space and time, was responsible for forming the porphyry and high-sulfidation orebodies at Far Southeast-Lepanto. The vertica] interval of ore is >1,500 m, and the lateral extent >4 km, from the deep porphyry to the shallow and distal epitherma] environment. Activity may have extended over a period of m300,000 yr, based on geochronology results (Arribas eta]., 1995a) , but peak activity associated with minera]ization was shorter, -< 100,000 yr (Fig. 9.0) . This is the first detailed documentation of synchronous porphyry and high-sulfidation ore formation in which the porphyry fluid and alteration-minera]ization style has been shown to have been related directly to mineralization of the spatia]ly associated epithermal orebody (Fig. 20) . During hydrothermal activity, the system evolved from magmatic to meteoric water domination, at proximal to distal positions relative to the quartz diorite dikes. However, a dominant magmatic component is interpreted to have been present during most of the period of porphyry and epithermal ore formation. This is one of the most critical conclusions of this study. Meteoric water incursion was the result of the collapse of the magmatic fluid plume and the subsequent shift to hydrostatic conditions, rather than meteoric water being the cause of the therma] retreat.
The Far Southeast-Lepanto porphyry and epithermal deposits are relatively uncomplicated by multiple intrusive events. This resulted in a relatively simple evolution of the magmatic hydrothermal system, including the transition from ductile to brittle rock conditions. The evolution of the system may have been inherently related to the style of crystallization of the parent magma chamber well beneath the formation depth of porphyry ore. For example, the transition from K silicate to sericitic alteration, and the associated fluid compositions, might reflect the parent magma chamber changing from a convecting body to one that was stagnant. Regardless, the portion of our model outlined above that we are most confident with describes the hydrothermal processes and evolution that occurred in the upper 2 km of this coupled porphyry to epithermal system. Although the model is relatively simple (Fig. 17) and is consistent with processes that occur in active systems, it is unlikely to be universally applicable to porphyry ore deposits.
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